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X-RAY AND ELECTRON  DAMAGE OF CADMIUM  SULFIDE 

By K. W. B8er 
Physics  Department,  University of Delaware,  Newark,  Delaware 

INTRODUCTION 

The  defect  structure of CdS can  strongly  influence  its  photo-elec- 
trical  properties.  Both  foreign  (impurities)  and  intrinsic  defects  may be 
found.  Impurity  effects have  been  studied  in  some  detail  and  are  beginning 
to  be  understood  (refs.  1-3).  However,  less  progress  has  been  made  in 
understanding  intrinsic  defect  effects  in  spite of the  fact  that  a  con- 
siderable  amount of literature  has  appeared  (refs.  4-18).  This  is  in  part 
due  to  the  fact  that  most  intrinsic  defects  are  not  found  in  concentrations 
above  10l5 cme3 at  room  temperature  whereas  impurities  can  be  introduced 
in  concentrations  exceeding  1OI8 cm-3 -- that is,  the  highest  concentra- 
tions of intrinsic  defects  are  usually on the  order of the  trace  impurity 
concentrations  in  a  "pure"  crystal.  Another  reason  for  the  lack of pro- 
gress  in  identifying  intrinsic  defects is that  experimental  results  usually 
do  not  afford  a  means of distinguishing  between  point  defects  (e.g.,  va- 
cancies,  interstitials  and  substitutionals)  and  associated  defects. 

The  intrinsic  defect  concentration  can  be  changed  by (1) shifting 
the  stoichiometry  by  a  heat  treatment  in  the  vapor  of  one  of  the  components, 
(2)  thermal  damage, (3) radiation  damage,  and (4) self-diffusion  studies 
using  radioactive  tracers.  In  the  following  work,  the  intrinsic  defect 
structure  was  altered  by  using  X-rays.  Changes  were  detected  by  measuring 
the  spectral  dependence of photoconductivity (SDP) and  thermally  stimulated 
currents  (TSC)  before  and  after  irradiation.  In  conjunction  with,  but  in- 
dependent  from  these  particular  measurements, CdS  crystals  were  character- 
ized  from  measurements of the  photoconductivity  in  the  band-gap  region. 

EXPERIMENTAL  ARRANGEMENT 

Apparatus 

The crystals  used  in  the  tests  reported  herein  were  grown  in  our 
laboratory  by  the  sublimation of CdS  powder  in  an  atmosphere of H,S and N, 
(ref.  19). Platelets  having  a  surface  area of up  to  1  cm2  and  a  thickness 
of  50-100 11 meters  could  be  obtained.  Some  crystals  were  intentionally 
doped  with Cu  while  others  were  not  intentionally  doped. 

Titanium-aluminum  ohmic  contacts  (ref. 20) were  evaporated  onto  the 
crystals. A single  crystal  was  then  placed  on  a  mica  sheet  which  lay  on  a 
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copper  bfock  (Figure 1). The crystal  was  held  in  place  by  two  gold  wires 
under  tension  that  made  electrical  contact  with  the  crystal  electrodes. 
Thin  copper  wires  connected  the  gold  wires  with  instruments  used  to  make 
electrical  measurements.  A'8.75-voJtDC  source,  a  micro  micro  ammeter  and  a 
recorder  were  connected  in  series  with  the  crystal. A copper-constantan 
thermocouple  was  placed  on  a  mica  sheet on the  copper  block so that  the 
temperature  recorded  by  the  thermocouple  and  the  crystal  temperature  would 
be the  same. 

The crystal  holder  (which  is  situated on  the end of  a  stainless  steel 
cold  finder)  was  mounted  in  an  ultra-high  vacuum  system  (Figure 2). 
Pressures  as  low  as  torr  were  obtained  using  a  VacSorb  pump, a tita- 
nium  sublimation  pump  and  a  15  liter/second  VacIon  pump. A nude  ionization 
gauge  was  used  to  measure  the  vacuum. 

Crystals  were  illuminated  using  a  high  intensity  Bausch  and  Lomb 
monochromator.  The s ectral  half-width of the  light  falling on the  crystal 
was  approximately 30 f .  The  monochromator  was  driven  at  a  rate of 10 per 
minute fo r  SDP  measurements -- a  rate  sufficient  enough  to  insure  an  equi- 
librium  value of the  photocurrent. 

X-ray  sources  for  the  experiments  were  obtained  at  the  Frankford 
Arsenal  in  Philadelphia  and  at  Langley  Research  Center  in  Hampton,  Virginia. 
An anti-cathode of high  atomic  number  (either  tungsten or gold)  was  used to 
convert  electrons  into  X-rays.  The  maximum  energy  used  was 250 keV. Ex- 
posure  times  ranged  from  1  hour  to 5 hours. 

Procedure 

Crystals  were  chosen  that  showed at least  moderate  photosensitivity. 
Vacuum w a s  obtained  in  the  vacuum  charber  using  the  VacSorb  pump,  the  tita- 
nium  sublimation  pump  and  the  VacIon  pump  in  succession.  Care  was  taken  to 
prevent  ion  bombardment of the  crystal  when  the  VacIon  pump  was  activated. 
(This  was  done  by  using  the  titanium  sublimation  pump  to  get to  a  vacuum 
of  about  torr  before  the  VacIon  pump  was  turned  on.)  Vacuums  below 

was  baked  while  making  sure  that  the  crystal  temperature  did  not  exceed 
SOo C.  (It is known  that  temperatures  in  excess of looo C can  cause  sub- 
stantial  changes  in  crystal  behavior,  ref.  21.)  After  this  treatment,  the 
pressure  fell  to  approximately  10-9  torr. 

torr  were  easily  obtained. To  obtain  lower  vacuums,  the  vacuum  system 

A series of SDP at  room  and  liquid  nitrogen  temperatures  and TSC 
measurements  were  performed  to  check  reproducibility.  Then  the  crystals 
were  irradiated  at  room  temperature  with X-rays  having  a  peak  energy of 
either  200  keV o r  250 keV  (for  further  description  see  experimental  results). 
Immediately  following  irradiation  the  crystals  were  cooled  to  liquid  nitro- 
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gen  temperature   in   order   to   f reeze- in  any defec ts   c rea ted .  Then, a f t e r  a 
cer ta in   per iod  of   t ime  not   in   excess   of  2 hours,  an SDP measurement a t  
l iquid  ni t rogen  temperature  was made. Following  the SDP, a TSC curve was 
obtained.  In some cases,   an SDP measurement a t  room temperature was sub- 
sequent ly  made.  The measurements of t h e  SDP and TSC were  repeated  several  
days a f t e r   i r r a d i a t i o n .  The c r y s t a l  was main ta ined   a t  room temperature  and 
in   t he   da rk   du r ing   t h i s   pe r iod .  

In   conjunct ion  with  the  above  experiments ,   detai led  photoconduct ivi ty  
and  luminescence  measurements  were made  on CdS c r y s t a l s  i n  order   to   charac-  
t e r i z e  them (ref. 21) ( i . e . ,   t o   de t e rmine   whe the r   t he   c rys t a l s   be ing   t e s t ed  
were Class I o r  Class I1 according  to  the  Gross-Novikov  scheme, ref. 22). 
Measurements were made a t  room and l iqu id   n i t rogen   tempera ture   in  a high 
vacuum (approximately lo'* - 10' t o r r ) .  The c r y s t a l s  were  heat   t reated,  
and  changes i n   t h e  SDP and  luminescence  were  observed. 

EXPERIMENTAL RESULTS 

Crys ta l   Charac te r iza t ion  and the  Effect  of  Heat  Treatment 

C r y s t a l s   t h a t  showed a g rea t   dea l  of  green  edge  luminescence  centered 
around 5200 x were tes ted   (F igure  3,  curve 1). By photoconductivity mea- 
surements  in 4800 - 4900 fi  region a t  l iqu id   n i t rogen   tempera ture ,  i t  was 
found t h a t   t h e   c r y s t a l s  were Class I acco rd ing   t o   t he  Gross-Novikov c l a s s i -  
f i c a t i o n  scheme ( r e f .  22) (Figure 4 ) .  That is ,  a t  7S0 K ,  Class I c r y s t a l s  
exhib i ted  a coincidence  in   energy of t h e  maxima of  photoconductivity  with 
the  maxima of   the   op t ica l   absorp t ion   cons tan t .   In   F igure  4 ,  A and B, s tand 
f o r   t h e  ground s t a t e   e x c i t o n s   a r i s i n g  from  two of the  valence Aands i n  CdS 
caus ing   the   op t ica l   absorp t ion  maxima.  (The detai led  photoconduct ion  s t ruc-  
t u r e  is no t   s een   a t  room temperature).  A t  room temperature,  Class I crys-  
t a l s   e x h i b i t e d  a behavior   in   the  SDP d i f f e r e n t  from Class I1 crystals. 
Class I c r y s t a l s  are charac te r ized  by a shoulder   occurr ing a t  - 4800 i n  
the  room temperature SDP, whereas Class I1 crys ta l s   have  a peak a t  5180 
with  decreasing  photoconductivity  as  one moves  away from t h e  peak on e i t h e r  
s ide  (Figure 5 ) .  ( I t  i s  a l s o   p o s s i b l e   t o   f i n d   c r y s t a l s   t h a t   h a v e   b o t h  a 
peak  and a s h o u l d e r   i n   t h e  SDP a t  room temperature.)  

When t h e   c r y s t a l s  were h e a t   t r e a t e d   f o r  5 minutes a t  200° C,  t h e  
green  edge  luminescence  decreased  sharply  while  the  luminescence  below 
4900 1 increased   s l igh t ly   (F igure  3, curve  2) .  The SDP a t  both room and 
l iqu id   n i t rogen   tempera ture   increased   dras t ica l ly ,   and   the   shape  of t h e  
curve  changed  completely  (Figure 6 ) .  Maxima i n   t h e  SDP appeared  where 
minima  were previously  observed.  Therefore,   the  crystal   had  changed t o  
type I1 a f te r  h e a t   t r e a t m e n t   a t  200' C.  
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Effect of X-radiation 

The first  investigations  were  made  with  Class  I1  crystals  as  these 
were  the  ones  that  were  made  at  the  University of Delaware.  Recently,  the 
crystals  that  have  usually  been  grown  have  been  Class I crystals.  Conse- 
quently,  the  crystals  that  were  investigated  first (C-1, C-2, C-3)  were 
Class I1 crystals  and C-4 was essential1y.a Class I crystal.  One Type I1 
crystal  (e-1)  was  irradiated  in  a  vacuum of - lo-* torr  for  five  hours  at 
Lavigiey  Research  Center  with  X-rays  having  a  maximum  energy of  250  keV. 
TSC curves  were  obtained  before  and  after  irradiation  (Figure 7).. The 
damage  was  annealed by subjecting  the  crystal  to  a 100' C  temperature  for 
one  hour. .4 subsequent  radiation  at  250  keV  for  5  hours  produced  similar 
damage  in  the  crystal,  Due  to  degraded  contacts, no further  experiments 
were  made  on  crystal C- 1. 

A  second  crystal  (C-2)  was  exposed  to 200 keV  (maximum)  X-rays for 
one  hour. No changes  in  the  SDP  or  TSC  were  observed.  It  is  believed  that 
the  crystal  was  not  exposed  to  a  large  enough  radiation  dose. 

A  third  crystal  (C-3)  was  exposed to  250  keV  (maximum)  X-rays  for 
4 hours  with  the  ambient  pressure  being  torr.  I~feasurement of  the  room 
temperature  SDP  prior  to  irradiation  indicated  that  the  crystal  was  Type 11. 
Changes  were  observed  in  both  the  SDP  at  liquid  nitrogen  temperature  and 
the  TSC  (Figures 8,9). A few  days  after  irradiation,  the  SDP  had  returned 
to its  pre-irradiation  condition  while  the  TSC  had  dropped  back  somewhat  to 
its  pre-irradiation  condition.  (The  crystal  was  kept  in  the  dark  at  room 
temperature  between  measurements.)  Within  two  weeks  the  TSC  returned  to 
its  pre-irradiation  condition. 

A  fourth  crystal (C-4) was  irradiated  with 200 keV  (maximum)  X-rays 
for 4 hours  with  the  ambient  pressure  being  about  torr.  Prior  SDP 
measures  had  indicated  that  the  crystal  was  intermediate  to  Class I and 
Class  I1 -- that is, it  showed  both  a  shoulder  and  a  peak  in  the SDP at 
room  temperature.  Substantial  changes  in  the SDP were  observed  at  liquid 
nitrogen  temperature  (Figure 10). The  whole  curve  shifted  upwards  with 
marked  changes  in  both  the  extrinsic  and  intrinsic  ranges.  In  addition, 
the  crystal  became  sensitive  to  red  light  in  the 6000 - 6500  region, 
whereas  before  the  crystal  showed no sensitivity.  After  storage  at  room 
temperature  for  5  days,  the  SDP  returned  towards  its  pre-irradiated  condi- 
tion.  After  six  more  weeks  at  room  temperature  the  crystal  was  much  like 
its  virgin  condition  except  the  "dark"  current  had  decreased  b  an  order of 
magnitude. Also, there  was  no  sensitivity  in  the 6000 - 6500 H region. 

Room  temperature  SDP  measurements  showed  trends  much  like  the  mea- 
surements  at  liquid  nitrogen  temperature  (Figure 11). They  also  indicated 
that no  change  in  crystal  class  occurred. 
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TSC measurements  also  changed  markedly  (Figure 12 ) .  They also  ex-  
h i b i t e d   t h e  same tendencies  as t h e  SDP measurements.  After  approximately 
seven weeks the  pre-   and  post- i r radiat ion  curves   were  near ly   the same. No 
d e f i n i t e   s t r u c t u r e  was observed   in   the  TSC curves   immedia te ly   a f te r   i r rad i -  
a t ion   a l though  very   def in i te   s t ruc ture   (a t   about  225O K) was observed  before 
i r r a d i a t i o n .  

DiSCUSSICN 

I n   o r d e r   t o   d i s c u s s   t h e s e   r e s u l t s ,  it is  n e c e s s a r y   t o  conside;: t he  
inf luence   and   s ign i f icance   o f   the   fo l lowing:   c rys ta l   type ,   p ressure   dur ing  
i r r a d i a t i o n  and th re sho ld   fo r  damage. 

Crys ta l  Type 

A s  ment ioned  previously,   there   are  two b a s i c  CdS c r y s t a l   t y p e s   t h a t  
can   be   c lass i f ied .  Class I c r y s t a l s  have  associated  with them green  edge 
luminescence and a shou lde r   i n   t he  SDP a t  room temperature.  (The shoulder 
i s  not  seen a t  l iquid  nitrogen  temperature.)   Also,   recent  measurements 
( r e f .  23) i n d i c a t e   t h a t   i n   C l a s s  I c r y s t a l s  oxygen  adsorbed. a t  the   sur face  
p lays   an   impor tan t   ro le   in   the   photoe lec t r ica l   p roper t ies .  As a r e s u l t   o f  
oxygen desorpt ion and the   d i f fus ion  of Cd i n   t h e   b u l k   ( o r   p o s s i b l y   p a r t i a l  
Cd evaporat ion)   a t   h igh  temperatures   Class  I c r y s t a l s  can  be  changed t o  
Class I1 c r y s t a l s ,  

I t  has   been   sugges ted   tha t   the   photocurren t   in   bo th   the   in t r ins ic  and 
ex t r in s i c   r ange   i n   C la s s  I c r y s t a l s  i s  e s s e n t i a l l y   c a r r i e d  by a th in   nea r  
sur face   l ayer   o f   a t  most cm th i ckness   ( r e f .  23) .  Adsorbed  oxygen 
p a r t i a l l y  compensates  the  accumulation  layer  produced  by  excess cadmium i n  
t h i s   s u r f a c e   l a y e r .   l a e n   t h e  oxygen i s  desorbed, an e l e c t r o n i c   s e n s i t i z a -  
t ion  occurs ,   thereby  causing  an  increase  in   photo-  and dark-current .  With 
a c rys ta l   t empera ture   g rea te r   than  500° K ,  t h e   c r y s t a l  i s  converted  into 
Class 11. 

- 

Class  I1 crys ta l s   have  a pho tosens i t i v i ty   no t   so l e ly  due t o   t h e   s u r -  
face -- possibly  because of  Cd d i f f u s i o n   i n t o   t h e   b u l k  and p a r t i a l  Cd 
evaporation. For i n t r i n s i c   e x c i t a t i o n ,   t h e   p h o t o c u r r e n t  i s  c a r r i e d   i n   t h e  
near-surface  layer.   Recombination of  c a r r i e r s  can take   p lace  a t  t h e   s u r -  
face   ( the   t ime  necessary   for   the   major i ty  of t h e  carriers to   r each   t he  
surface  by random walk is less than   t he   l i f e t ime  of  f r ee   ma jo r i ty  and 
m i n o r i t y   c a r r i e r s ) .  For ex t r in s i c   exc i t a t ion .   r ecombina t ion   a t   t he   su r f ace  
i s  n o t   l i k e l y   s i n c e   t h e  random walk  time is grea te r   than   the   l i fe t ime  of  
f r ee   ma jo r i ty  and  minori ty   carr iers .  I t  may be   no ted   tha t  oxygen  desorp- 
t i o n  from Class I1 c r y s t a l s  shows only a small inf luence  on the  photocon- 
ductance. 
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Radiation Damage and the  Effect of Ambient Pressure 

I t  i s  poss ib l e  to d i scuss   r ad ia t ion  damage o f  CdS wi th in  a general  
scheme once   t he   c l a s s i f i ca t ion   o f  CdS c rys t a l s   has   been   c l a r i f i ed .  I t  i s  
necessa ry   t o   cons ide r   t he  two classes sepa ra t e ly  since the   reg ion  o f  t h e  
c rys t a l   ( i , e . ,   t he   nea r   su r f ace   l aye r   o r   t he   bu lk )   i nvo lved   i n   pho toe lec -  
t r o n i c   p r o p e r t i e s  i s  q u i t e   d i f f e r e n t   f o r   t h e  two c r y s t a l  classes. 

In  previous  measurements  by  O'Connell  (ref.  18) a t h r e s h o l d   f o r  
damage was found to   be  approximately 300 keV i n  a vacuum of  10' t o r r .  
Class I1 c r y s t a l s  were t e s t e d .  A d e c r e a s e   i n   e l e c t r o n  lifetime was ob- 
served .   (This   resu l t  - -  which i s  c o n t r a r y   t o   t h e   p r e s e n t   r e s u l t  - -  may be 
due t o   t h e  fact  tha t   O 'Connel l ' s   c rys ta l s  were n o t   v i r g i n   c r y s t a l s .  He ex- 
posed them t o  a temperature of as much as 180' C b e f o r e   i r r a d i a t i o n . )   I n  
the  present   experiment  on Class I1 c r y s t a l s ,  i t  was found t h a t   t h e  damage 
th re sho ld  was less than 250 keV f o r  an  ambient  pressure  of -. t o r r .  
S ince   the  SDP curve made a p a r a l l e l   s h i f t  upward as a r e s u l t  of the   r ad ia -  
t i o n ,  it i s  b e l i e v e d   t h a t  a decrease  in   recombinat ion  center   densi ty   occur-  
red   a l though  an   increase   in   ho le   t raps  i s  a p o s s i b i l i t y ,   t h e r e b y   r e s u l t i n g  
i n  a longe r   e l ec t ron   l i f e t ime .  The TSC cu rves   fo r  Class I1 c r y s t a l s  showed 
an   increase   in   l eve ls   a round 300' K i n  agreement  with  O'Connell.  These 
l e v e l s  were a t t r i b u t e d   t o  an i n c r e a s e   i n   s u l f u r   v a c a n c i e s  by  him. ( I t  
should   be   no ted   tha t  a gene ra l   i nc rease   i n   t he  TSC occurred  over  the  temper- 
a ture   range .  However, t h e  change a t  300" K was more than a p a r a l l e l   s h i f t ) .  

The r e s u l t   f o r   t h e  damage threshold  i s  cons iderably   h igher   than   tha t  
found  by Kulp and  Kelley  (ref.  7 ) .  There are two poss ib l ?   r ea sons   fo r   t h i s .  
One, t h e  X-rays t h a t  were used were d i s t r i b u t e d   i n   e n e r g y  and  not mono- 
chromatic .   Relat ively few photons  had  an  energy  near  the maximum accelera- 
t i n g   p o t e n t i a l   o f   t h e  X-ray  machine -- t h a t  i s ,  t h e   l a r g e s t  number of  pho- 
tons  had e n e r g i e s   s i g n i f i c a n t l y   l e s s   t h a n   t h e  maximum. As a consequence, 
the   dose   rece ived  by t h e   c r y s t a l  a t  a given  energy becomes important.  
Secondly, i t  i s  poss ib l e   t ha t   t he   ambien t   p re s su re   i n   t he  vacuum chamber 
had a s i g n i f i c a n t  effect  on the  threshold.   Residual   gases   might   be  ionized 
and   impact   the   sur face   o f   the   c rys ta l   thereby   caus ing   s t ruc tura l   changes .  
A much lower  ambient  pressure would e l i m i n a t e   t h i s   p o s s i b i l i t y .  Kulp and 
Ke l l ey   i r r ad ia t ed   t he i r   s amples   w i th   e l ec t rons   i n  a vacuum of  l o m 5  t o r r  
whereas  O'Connell  used  X-rays i n  a t o r r  vacuum. In   the   p resent   case  
vacuums from t o r r   t o   t o r r  were  used i n  Class I1 c r y s t a l s .  

I t  i s  noteworthy  that  Kulp and  Kelley were ab le   to   p roduce   green  
edge  luminescence i n   t h e i r   c r y s t a l s  above t h e i r   t h r e s h o l d   v a l u e   ( a l s o ,   t h e y  
produced red luminescence).  Green  edge  luminescence  appears to   be   connec ted  
with  the  near-surface  region  and  not   the   bulk  ( refs .  2 1  and 2 4 ) .  Therefore,  
Kulp and  Kelley  apparently  caused  changes i n   t h e   n e a r   s u r f a c e   r e g i o n  -- 
which may indica te   tha t   the   ambient   p ressure  was a s i g n i f i c a n t   f a c t o r   i n  
t h e  damage. ( I t   s h o u l d   b e   n o t e d   t h a t  a t  - 100 keV e l e c t r o n s   p e n e t r a t e  con- 
s i d e r a b l y   f u r t h e r   i n t o   t h e   c r y s t a l   t h a n  10'' cm, the   t h i ckness  of t h e   n e a r  
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surface  region.)  Damage t o  the   near   sur face   reg ion  may r equ i r e  a consider- 
ably  lower  threshold  than would be   the  case fo r   t he   bu lk .  

More recent  measurements  by I m  and Bube ( r e f .  25) u s ing   e l ec t rons   i n  
an rmreportocl vacuum have  indicated  changes  in   photoelectronic   propert ies  
a t  energies  as low as 75 keV. However, t h e   c r y s t a l s   t h a t  were  used  had 
b e e n   t r e a t e d   i n   s u l f u r   v a p o r   p r i o r   t o   t e s t i n g .  Im and Bube sugges t   tha t  
the  radiation  induced  changes  observed may be due t o  changes i n   i n t e r s t i -  
t i a l   s u l f u r   t h a t  was present  as a r e s u l t  of the   su l fu r   t r ea tmen t .  They a l s o  
r epor t   an   i nc rease   i n   e l ec t ron   l i f e t ime  a t  the  lower  radiat ion  energies  
(Eelectron 5 250 keV), a r e s u l t  which was obta ined   in   the   p resent   exper i -  
ment. A t  an  energy  of 400 keV, they  noted a subs t an t i a l   dec rease   i n   t he  
e l e c t r o n   l i f e t i m e  which they  suggest  might  be  due t o   b o t h  Cd and S being 
displaced from t h e i r   l a t t i c e   p o s i t i o n s .  

The s i tua t ion   w i th  Class I c rys t a l s   appea r s   t o   be   qu i t e   d i f f e ren t  
from Class I1 c rys t a l s   r ega rd ing   t he  damage threshold.  The p r e s e n t   r e s u l t s  
i n d i c a t e   t h a t   t h e  damage threshold i s  bebow 200 keV. (Resul ts   of   others  
i nd ica t e   t ha t   t he   t h re sho ld  may be much lower.  These w i l l  be   discussed 
la te r . )   Cons iderable  upward s h i f t s  were   no t iceable   in   bo th   the   in t r ins ic  
and extrinsic  range  although  the  peak  current  did  not  change  too much.  The 
s h i f t   i n   t h e   e x t r i n s i c   r e g i o n  was g r e a t e r   t h a n   t h a t   i n   t h e   i n t r i n s i c   r e g i o n .  
Also, a s e n s i t i v i t y   t o  6000 - 6500 i l luminat ion  appeared  that  was previous- 
ly   l akc ing .  TSC curves   ind ica ted   an   over   a l l   increase   o f   e lec t rons   in   t raps ;  
no def ined  t rapping  level   appeared as a r e s u l t   o f   i r r a d i a t i o n .  I t  i s  not 
immediately  apparent as t o  what is  responsible   for   the  observed  changes 
s ince   the   near   sur face   l ayer  i s  impor t an t   i n   t h i s   c l a s s   o f   c rys t a l .  How- 
ever ,  it i s  appa ren t   t ha t   t he   l i f e t ime   o f   e l ec t rons  was increased.  

Because the   near   sur face   l ayer  i s  pa r t i cu la r ly   impor t an t   i n  Class I 
c r y s t a l s ,  any  change in   the   sur face   l ayer   might   be   par t icu lar ly   apparent .  
For example,   residual  gas  in  the vacuum chamger that  might  be  ionized by 
the  incident   radiat ion  could  cause  substant ia l   changes  in   the  photo-elec-  
t ron ic   p rope r t i e s  of t h e   c r y s t a l .  Kulp  and Kel ley  ( ref .  7 )  r epor t ed   t ha t  
the  green  edge  luminescence  could  be made t o   d i s a p p e a r  by  bombarding  crys- 
t a l s  with  e lectrons  having  energies   ranging from 3 keV t o  200 keV. As 
s t a t ed   p rev ious ly ,   t he i r   p re s su re  was t o r r   d u r i n g   i r r a d i a t i o n .  I t  i s  
conceivable   that   the   use  of   X-rays  and much lower  ambient  pressures  might 
r e su l t   i n   h ighe r   ene rg ie s   be ing   necessa ry   t o   cause  damage t o   t h e   c r y s t a l .  
The re fo re ,   fu r the r   s tud ie s  of Class I c r y s t a l s   a r e   n e c e s s a r y   t o   f i n d   o u t  
t h e  damage threshold,   the   effect   of   ambient   pressure  and  the  defects   that  
are   responsible   for   the  substant ia l   changes  observed.  

SUMMARY 

I t  has   been  found  that   there   are   basical ly  two d i f f e r e n t   c l a s s e s   o f  
CdS c rys t a l s   t ha t   appa ren t ly   exh ib i t   subs t an t i a l ly   d i f f e ren t   behav io r  as a 
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resu l t   o f   X-rad ia t ion .  Class I c r y s t a l s  (Gross-Novikov c l a s s i f i c a t i o n )  
have  the  photocurrent   carr ied by a th in   near -sur face   reg ion   ( loe5  cm) which 
i s  presumably Cd r i c h .  The resu l t ing   accumula t ion   layer  is p a r t i a l l y  com- 
pensated  by  oxygen.  Considerable  changes i n  both   the  SDP and TSC curves 
occurred as a r e s u l t  of i r r a d i a t i o n   w i t h  200 keV X-rays (maximum). These 
changes were greater  than  changes  observed i n  Class I1 c r y s t a l s   i r r a d i a t e d  
a t  250 keV. This may b e   a t t r i b u t a b l e   t o   t h e  fact  t h a t   t h e   s u r f a c e  is es- 
pec ia l ly   s ens i t i ve   e i the r   t o   ambien t   i ons  bombarding the   su r f ace  or t o  
a c t u a l   r a d i a t i o n  damage i n   t h e   n e a r   s u r f a c e   l a y e r .  I t  is suggested  that  
t h e  damage threshold  might  be  considerably  lower for Class I c rys t a l s   be -  
cause   o f   t h i s   su r f ace   s ens i t i v i ty .  

In Class I1 c rys t a l s ,   t he   pho tocur ren t  i s  c a r r i e d   i n   t h e   b u l k   f o r  
e x t r i n s i c   e x c i t a t i o n  and i n   t h e   s u r f a c e   f o r   i n t r i n s i c   e x c i t a t i o n .  SDP and 
TSC measurements showed changes as a r e s u l t   o f  250 keV X-radiation  although 
no  changes  were  observed a t  200 keV. An increase  i n  a TSC peak a t  300" K 
(presumably   a t t r ibu tab le   to   su l fur   vacancies )  was observed  in  agreement 
with  previous  measurements  of  O'Connell. However, t he   l i f e t ime   o f   e l ec t rons  
increased  rather  than  decreased.  Again,   the  effect   of  ambient  ions bom- 
barding  the  surface  of   the  crystal   might   be  important   regarding  the damage 
threshold.  

Although  progress  has  been made i n   c l a r i f y i n g   t h e   p i c t u r e   r e g a r d i n g  
r ad ia t ion  damage i n  CdS c r y s t a l s ,  it i s  c l e a r   t h a t  more information  needs 
t o  be   ob ta ined .   In   par t icu lar ,  more information i s  needed on the   respec t ive  
damage th re sho lds   i n  Class I and Class I1 c r y s t a l s   i n   a d d i t i o n   t o   t h e   d e -  
f e c t s   t h a t   r e s u l t  from t h e   r a d i a t i o n .  
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I 

FIGURE 1 : En: a.rged vjew shewing CdS crys-La! mou?'ced on cold f inger .  A 
copper shield t h a t  has c sma7 7 h o l 2  i n  i t  t o  a7 1 ow f o r  the 
i l lumination  of the c rys ta l  f i t s  over the f inger .  
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Thermally stimulated  currents  before and a f t e r  X-irraGiat-:cn 2-L 
200 keV from crys ta l  C-4. Curve 1 : Before i r r ad ia t ion .  2: 
After i r r ad ia t ion .  Curve 3: After 6 days a t  room t e m p e r ~ t u ~ ~ .  
Curve- 4: Two months a f t e r  i r radi   a t ion.  


